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INTRODUCTION 
Prior to 1900, and frequently since then, observers have noted that 
fire blight seemed to spread in the direction of prevailing winds. In 
1954 an Iowa nurseryman called attention to a striking case of severe and 
nominal fire blight in distinct portions of a pear block, one exposed, 
the other well protected from prevailing south winds. During the next 
several years Boyd (7) observed and recorded several other such cases in 
southwest Iowa. From 1962 to 1965 there was obvious occurrence of severe 
blight with exposure to southerly winds. These occurrences are subse­
quently recorded in some detail. 
Meanwhile the specific role of wind was questioned. Did it function 
in air transport of inoculum, in -wounding of susceptible tissue, or in 
movement of contaminated insects? Did the wind function independently 
or perhaps in conjunction with meteoric water? It is to these questions 
that the experiments reported here were directed. 
It should be pointed out that the phenomena incident to blossom 
infection and transfer of inoculum from blossom to blossom by pollinating 
insects are not pertinent to fire blight development in the nursery block 
where there are no blossoms. There may be similarity between fire blight 
in the nursery and spread of twig blight in the orchard after blossoming. 
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LITERATURE REVIEW 
Fire blight was first observed in the Hudson River Highlands by 
William Denning, a fruit grower, about 1780 (47), The causal organism was 
recognized as a bacterium in 1878 and demonstrated as the causative 
agent by Burrill in 1880 (10). It has since been named Erwinia amylovora 
(Burrill) Winslow ejt £1^. 1920. The disease incited by E. amylovora 
affects a large group of plants, most of which are Rosaceae, but is best 
known for its fire-like effect on apple and pear trees. 
Fire blight spread slowly westward across this country during the 
19th century. By 1900 it had reached the great fruit growing area of 
California and was responsible for disastrous destruction of orchard 
trees around that time (36). Meanwhile in Europe there were isolated 
cases suspected of being fire blight but no confirmations. Until this 
bacterial disease was reported in England in 1957, it had appeared only 
in North America and New Zealand. Apparently the pathogen was indigenous 
to the eastern part of this continent presumably carried in hawthorn or 
other members of the Rosaceae. 
Nursery production of apple and, more particularly, pear trees has 
been crippled by fire blight. Boyd (7) reports the 1955 loss to fire 
blight of apple and pear trees for one nursery in southwest Iowa as an 
estimated 200,000 trees. The estimated 1962 loss in pear trees alone 
sustained by a nursery in Shenandoah, Iowa, was 30,000. The annual 
monetary loss to this disease is impossible to estimate because the pear 
industry has been finally restricted by it to three or four geographic 
locations in this country. And sporadically even in these areas the loss 
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to fire blight is extensive. 
Arthur (4) in a review of the history of this disease related a number 
of theories which were proffered to explain fire blight prior to the time 
Burrill isolated the pathogen. The earliest theory was that the hot rays 
of the sun were responsible. Coxe supported this sun scald hypothesis in 
1817. Shortly thereafter insects became suspect, particularly bark 
beetles. Around 1840 the "frozen-sap" idea came into being and a Rev. 
Beecher and A. J. Downing supported it. They believed the freezing of 
unripe wood in the fall produced poison which spring movement of sap 
circulated causing death of plant parts. In 1863 Dr. J. A. Salisbury 
reported the disease to be caused by a fungus. Such was presumably con­
firmed later by Dr. J. G. Hunt. Electricity was suspected as the cause 
of the disease at various times because blighted trees were often found 
after thunderstorms. 
While the causal organism has been known for over 75 years, the 
means by which it appears and is distributed each year has never been 
adequately elucidated. Three methods for the dissemination of this 
pathogen have been pointed out in the literature, one rather abundantly: 
wind, meteoric water, and insects. Insects have received the most atten­
tion and have unquestioned importance in the orchards where blossom 
blight is great. However, in the nurseries blossoms seldom appear, yet 
fire blight is spread rapidly with resultant destruction of many young 
trees. 
Jones (22) in 1909 mentioned wind as a possible disseminator of E, 
amylovora. He reported that earlier observations of other interested 
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people indicated progress of the disease in the direction of prevailing 
winds. It had been suggested that exudate might dry to a powder form 
and be blown to other trees. This has never been verified experimentally. 
Excerpts from horticulture meetings in 1872 (1, pp. 67-68) and 1873 
(2, pp. 90-91) held in Iowa are pertinent here in the light of more recent 
knowledge. Mr, James Mathews addressed the Iowa State Horticultural 
Society in 1872 concerning pear production. He said of a partially blight 
damaged nursery, "The part of the nursery left, was composed, if I 
remember correctly, of four rows running east and west, and were on the 
north side of a dense grove or hedge of Arborvitaes. The first row was 
within three ft. of the evergreens and the fourth one about fifteen ft. 
distant. On examination I found the fourth and third rows nearly all 
dead; and those not entirely dead badly injured by blight. The second 
row was not near so badly affected--severa1 of them apparently quite 
sound. The first row, standing in close proximity to, and entirely 
sheltered from the winter sun by the screen of Arborvitaes was uninjured, 
the trees looking thrifty, and most of them having more or less fruit." 
The summer was 1864 and the evergreens about which he spoke were seven 
or eight feet high. 
At a similar meeting a year later a Mr. Smedley reported that four 
years before he had planted 200 pears. Every one of them suffered from 
the blight except 75 set on the north of some evergreens. Of those not 
one blighted. Further, he related, most cultivators raised their soundest 
trees in neglected places, in sod, or among shrubbery. At the same 
meeting Mr. Mathews stated of evergreens as protectors that he knew of 
many pear trees planted on the north side of large evergreens, and though 
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standing from six to seventeen years, none had been materially damaged 
by blight. 
By 1918 further substance had been given the wind transmission 
hypothesis by Stevens e^ a_l. (37). They covered blossoming wood and 
terminal growth with cylinders of cloth and wire and noted a percentage 
of new fire blight infections within these insect-proof cages which was 
comparable to that of unprotected shoots in adjacent trees. They surmised 
wind was the chief agent of transmission for two reasons: lack of iisects 
in sufficient numbers to account for the amount of twig blight present; 
and absence of insects from exuding cankers from which they might receive 
their initial contamination. 
It was 1927 before Heald (16) proved the importance of leaves as 
infection courts. Prior to that time blossoms and twigs were the two 
sites most frequently studied. He simulated cloudy conditions with 
intermittent rainfall by covering three year old apple and pear trees 
with cloth and using overhead sprinklers to provide "rainfall." Inocula­
tions were made by merely rubbing leaves after dipping his fingers into 
bouillon cultures of the inciting bacterium. In some instances he 
produced infection by spraying the foliage with bouillon cultures. More 
infections resulted from rubbing than spraying. Just spraying bouillon 
cultures of the inciting bacterium over leaves which were shaded and 
presumably moist produced some leaf infections. The added injury to the 
leaf surface produced by rubbing that surface with his fingers which were 
bacteria-laden increased blight incidence. Bacteria from some leaf 
invasions, he observed, affected only localized areas, either marginal or 
central, but in others they advanced through the leaf and petiole produc­
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ing typical twig blight. 
Rosen (31) inoculated opening blossoms and unfolding leaves by 
spraying diluted broth containing E^. amylovora over them and then 
incubating them in moist chamber for 72 hours. The first 24 hours of 
this period a mist was produced within the chamber. As a result of a 
number of such trials he said, "There can be no question whatever that, 
given suitable environmental conditions, a watery spray of fire-blight 
bacteria simulating wind-driven raindrops laden with bacteria or simulat­
ing merely a falling of bacteria-bearing raindrops, is sufficient to 
produce infections on both young leaves and floral organs. On older 
leaves infections under similar conditions are either rare or absent . . ." 
Others have noted the possibility that bacteria laden raindrops or 
dew may be responsible for blight transferral. Gossard and Walton (15) 
first demonstrated this phenomenon. They divided an apple tree in half 
with an oilcloth divider. One half was covered on top and three sides 
with oilcloth and the fourth side with cheesecloth. The other half of 
the tree was completely exposed except for four branches around which 
cheesecloth sacks were placed. This was accomplished before any blossoms 
had opened. In the exposed half of the tree blossoms directly above the 
branches which had been covered with cloth were inoculated and subse­
quently infected. Seventeen days later, after several rains, blighted 
blossoms were found on the branches covered with cheesecloth. Infection 
in the exposed half of the tree was general. The covered half of the 
tree plus another tree completely covered with oilcloth were blight-free. 
The blighted blossoms within the cheesecloth were attributed to water-
borne inoculum from the infected blossoms above them. Gossard and Walton 
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estimated that 50-90% of the blossom blight they observed was caused by 
rainborne inoculum. 
Ninety percent of twig infections early in 1925 could be traced 
directly to waterborne inoculum from exuding holdover cankers and twigs 
according to Brooks (8). He and then Miller made their observations in 
Wisconsin. Miller (26) declared meteoric water to be the most important 
disseminative factor. Cone-like areas of infection with holdover cankers 
at the apices were observed by him. Insects were excluded by spraying 
with an insecticide and by placing cheesecloth cages over entire trees 
prior to inoculating blossom clusters, 15 days after which cone-like areas 
beneath were also found to be infected. 
Tullis (45) placed blighted twigs in the tops of young trees and 
sprayed them overnight from overhead sprinklers. Over half of those 
trees subsequently developed fire blight. This and his observations in 
Michigan convinced him that rain was more important than insects in twig 
infection. Hildebrand and Phillips (18) supported that conviction when 
they found up to 8.2% of blossoms blighted that had been in insect-proof 
cages. They attributed the infections to holdover cankers and rain. 
Parker's (28) experiments showed rainfall to be responsible for fire 
blight transferra 1 only when a large number of cankers were located high 
in the trees. 
Conversely, Pierstorff (29) found that meteoric water did not appear 
to spread fire blight bacteria from blossom to blossom. And Thomas and 
Ark (43, 44) stated that neither rain nor wind seemed to be a major factor 
in fire blight distribution although blossom infections could be spread by 
rain. Stewart (38) decided wind could not be a factor because the bacteria 
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were in a gummy substance (exudate) which could not be blown about and 
that infection requires a mass of bacteria. 
The volume of literature indicting bees as a vector for blossom 
blight in the orchard is overwhelming. Waite (46), Gossard and Walton 
(15), Miller (26), Thomas (42), Rosen (34), Pierstorff and Lamb (30), 
Hildebrand and Phillips (18) , and still others attest to this fact. 
However, in the nurseries where fire blight is very destructive, there 
are uo (or very few) blossoms. Many other insects have been singled out 
as bacterial carriers for twig blight, Jones (23) showed that a beetle, 
Scolytus rugulosus. was an agent for the spread of fire blight. Stewart 
(38, 39) implicated the tarnished plant bug and green aphid. The leaf-
hopper and another species of aphid were pointed out as fire blight 
disseminators by Burrill (9). Lathrop (24) incriminated one species of 
leafhopper but eliminated two others. Ark and Thomas (3) found E. amylo-
vora in fruit flies, common house flies, and green bottle flies, while 
Parker (28) implicated flies and ants as weak transmitters of the pathogen. 
In opposition to this impressive evidence stand the contradictory 
conclusions of several other investigators. Stevens £t a_l. (37) found a 
lack of insects in sufficient numbers and their absence from exuding cankers 
as evidence that insects were not major disseminators of the pathogen. In 
experiments performed by them fire blight developed within insect-free 
cages. Tullis (45) had the most damaging evidence. He employed 4500 
aphids on 800 twigs in attempts to transfer E. amylovora with only three 
resulting infections. Rosen (31) does not eliminate insects as vestors 
but presents evidence to show that fire blight is 
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disseminated in the absence of insects and, therefore, that they are 
relatively unimportant as agents of transfer. 
Brooks (8) and Rosen (32) demonstrated overwintering of the bacterial 
pathogen in small twigs although Parker (28) disagreed and found over­
wintering only in old cankers. Recently Baldwin and Goodman (5) reported 
the presence of E. amylovora phage-sensitive but avirulent bacterial 
isolates in apple buds tested during January. Prior to that Goodman £t 
al. (14) reported the reversion of avirulent forme of E. amylovora to 
virulent forms through exposure to aphid extracts. The combination of 
reports imply another means for disease dissemination and one more 
pertinent to the nursery, namely budding. 
Arthur (4) in describing the action of E. amylovora in diseased 
tissue stated, "What chemical changes are brought about by its activity 
in the plant cannot be definitely stated further than to say that a 
mucilage or gum, which is soluble in water, is produced in abundance, 
with the disengagement of carbon dioxide." He also mentions finding 
zoogloea formed by this organism in the pellicle of liquid media. These 
were not observed by him in plant tissue nor on solid media. 
In 1927 Nixon (27) concluded a histological study of the migration 
of E. amylovora in apple tissue. He found the bacteria to migrate in 
the form of a zoogloea. Tullis (45) supported that contention. He 
observed the movement of the pathogen in the tissue to be one of mass 
action. The organisms were confined to the jelly-like matrix in which 
they were imbedded. Like Nixon he calls this mass zoogloea. Stained 
preparations of exudate made by Hildebrand (17) revealed a capsule-like 
sheath around the bacteria. He contended that Nixon's zoogloeae were 
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fire blight ooze in situ in diseased tissue. The capsule-like coat was 
equated with ooze. Rosen (33) refers to bacterial strands in the tissues 
of blossoms of pear and apple. Miller (26) found some evidence of 
zoogloeae in stems 10-24 hours after inoculations. However, he believed 
them not truly zoogloeae, because it was not known how the substance was 
produced. He did not observe zoogloeae in pure cultures and thought 
Arthur may have had a contaminate in his. It was his feeling that this 
strand or zoogloea was more a product of host cells utilized by bacteria. 
The occurrence of aerial bacterial strands on blighted pear tissues 
was first reported by Ivanoff and Keitt (19). These hair-like strands 
were described as a type of bacterial exudate on pedicels, shoots, and 
fruit of inoculated pears. The strands were composed of cells of the 
fire blight pathogen bound together by a cementing substance and described 
as curved, glistening, and usually colorless. They reported the strands 
capable of growing to a length of several millimeters in a few hours and 
varying in length from a fraction of a millimeter to several centimeters. 
Diameter was reported as 8-45 microns. The water solubility of these 
bacterial strands was the identifying feature that separated them from 
hairs of the host, spider webs, or down from cottonwood seeds. These 
strands were easily dislodged and disseminated by the wind. The bacteria 
within the strands remained viable for more than seven days. Strands 
blown from diseased blossom clusters were caught on glycerin coated slides 
hung nearby. Pathogenicity was proved by culturing and inoculation, 
Ivanoff and Keitt did not equate these bacterial strands with zoogloeae 
but termed them a special type of bacterial exudate. 
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MATERIALS AND METHODS 
Isolates of E. amylovora used in this study were obtained from 
infected pear and apple shoots or pear fruits. Identification was 
ascertained by positive cultural and biochemical tests as prescribed in 
Sergey's Manual of Determinative Bacteriology (6, p. 351) plus evidence 
of pathogenicity. Bacteria were cultured on Bacto-Nutrient Agar slants. 
New isolates were taken from diseased trees in the nursery each fall. 
Cultures were stored at 5°C. on nutrient agar in tubes sealed with 
aluminum foil. They retained pathogenicity for one year. Virulence was 
reduced after two years in storage. Bacterial strands stored at 5°C. in 
a glass vial also retained pathogenicity for one year. 
Inoculum for experimentation was produced by introducing a wire 
loop full of an agar slant culture into five ml. of Bacto-Nutrient Broth 
and incubating this broth at room temperature for 48 hours. 
Air movement was induced by means of two electric fans. One could 
be set into reciprocating action and had three notched speed settings. 
Two of these settings were used. One produced an air stream of 14 m.p.h. 
velocity at two ft. from the fan's center. The other setting delivered 
a seven m.p.h. breeze at the same distance. A larger stationary fan 
delivered a steady 20 m.p.h. wind at two ft. from its center. Air move­
ment velocities were determined with a Taylor portable anemometer. 
All greenhouse experiments were with field grown two year old 
Bartlett pear trees which had been dug and stored in the fall. Several 
months later roots and tops were pruned and the trees planted in 
unsterilized field soil in six in. clay pots. They were used for experi­
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mentation when they had at least two shoots which were six to ten in. long. 
Outdoor experimentation was, for the most part, with two year old 
Bartlett pear trees in the nursery row at standard planting distances 
(ten in. between plants in the row and 40 to 45 in. between rows). Other 
pear varieties and younger trees were used and such uses are so noted. 
Greenhouse inoculations were more uniformly successful when in­
cubated for 24 hours in a clear plastic bag. The bag served as a moist 
chamber. This technique was also used outdoors. 
Inoculations were made three ways. In some cases an ordinary 
hypodermic needle was used for injection of nutrient broth suspensions. 
Most commonly a wound puncture was effected by means of a dissecting 
needle, after which nutrient broth inoculum was painted into the wound 
with a small camel's hair brush, or the entire injured organ was dipped 
into nutrient broth inoculum. The third method was merely to spray 
nutrient broth inoculum over the entire plant or portions thereof with 
a DeVilbiss hand sprayer, with or without previous wounding of the tree. 
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EXPERIMENTAL PROCEDURES AND RESULTS 
Spread of Fire Blight in Nursery Blocks Exposed to Wind 
Occurrence of fire blight in nursery blocks of young pear and apple 
trees exposed to south or southeast winds has been commonly observed in 
southwest Iowa. Boyd (7) recorded such occurrence in 1957. 
U. S. Weather Bureau records for Omaha, Nebraska, were the basis for 
Boyd's compilation of wind direction prevalence in southwestern Iowa. It 
showed that during a ten year period (1947-1956), in the months May 
through July, southerly winds prevailed during 64.3% of the days; and 
that actually, for 39.3% of the days, southeasterly winds were recorded. 
A suranary of recordings compiled at Shenandoah, Iowa, during the 
summers of 1964 and 1965 revealed that southerly winds prevailed on 62% 
of the days during the months June through August and southeasterly winds 
on 41% of those days. 
A seedling pear field exposed to the wind was examined at regular 
intervals throughout the summer of 1962 and a record made of new fire 
blight infections. The first new infections, recorded on June 29, were 
in the southeast portion of the field. During July and August there was 
a progressive increase in number of newly diseased trees in the northern 
portion of the field. This situation is depicted in Figure 1. 
In the summer of 1962 four pear fields in a nursery in southwest Iowa 
were observed regularly for fire blight incidence. Three of these fields 
of two year old trees were severely depleted by fire blight by midsummer. 
A count of one year whips the previous fall totaled 48,975. The 1962 
fall harvest of salable trees was 16,739. All but a few hundred of the 
Figure 1. Number of newly infected trees per sector on successive dates 
in a seedling pear block, 1962, Each sector is 11 rows wide 
by 200 ft. long; there were approximately 2200 trees per 
sector. 
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trees harvested were from one field which had a double row of Lombardy 
poplars across the south side. This windbreak was 30 to 35 ft. tall. 
The other three fields were exposed to wind from all directions. Trees 
at the ends of the protected field were also destroyed by fire blight, 
with the penetration deeper into the rows which were further from the 
windbreak. Comparative losses caused by fire blight until July 17 in 
a center area (protected from wind) and the west end (not fully protected 
from the wind) of this field are depicted in Figure 2. With ont excep­
tion, losses in the sections from the center of the field protected from 
the southerly prevailing winds were no larger than 5.5%. On the other 
hand those sections at the end of the rows which were not fully protected 
suffered greater losses. The Bartlett section nearest to the windbreak 
had only a 7.1% loss; however, the farther away from the protecting wind­
break the sections lay, the greater was their loss, ranging up to 59.2%. 
Wind velocity readings in the open and behind the windbreak in the 
same field were recorded periodically and a portion tabulated in Figure 3. 
For days with ordinary wind velocities there was a definite reduction in 
air movement leeward of the windbreak. When wind velocity was strong, 
an even greater reduction downwind from the windbreak was evident. On 
those days with a northerly breeze, little difference was noted between 
wind velocities outside or within protected zones. 
Restriction of fire blight spread by small wind barriers in the nursery row 
In a preliminary experiment single flat boards, 1X4 ft., were 
staked to serve as barriers to airborne bacteria between trees in two 
rows of one year pear whips of six varieties. These trees were isolated ~ 
Figure 2. Percent of two year old pear trees removed because of fire blight prior to July 17 from 
a nursery block protected from southerly winds by a windbreak, 1962 
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from other known E. amylovora hosts. Two similar trees of each variety, 
one in each of the two rows, were inoculated. All subsequently became 
infected. In the meantime, one of the two had been shielded by placing 
a flat board to the north of it. The other inoculated tree was left 
unshielded. Nineteen days following inoculation fire blight had occurred 
on trees in the plot as shown in Figure 4. During this time there was 
one severe rainstorm with north wind, but on nine of thirteen days for 
which wind direction was recorded there were southerly winds. In five of 
the six shielded areas blight did not occur north of the shield. In the 
sixth case (Flemish Beauty) the northernmost tree of that section was 
infected, but it was actually closer to the inoculated Lincoln tree in 
the adjacent section than to the shielded Flemish Beauty tree. In two 
of the four sections with unshielded inoculated trees, fire blight 
occurred both north and south of the inoculated tree. In one section 
fire blight occurred only to the south and in the other there was none 
except in the inoculated tree. Figures 5 and 6 are representative of 
these results. 
In another trial a year later in the same two row plot of six pear 
varieties one large wooden shield (2X4 ft.) was placed in each row 
immediately north of the Flemish Beauty trees. All but three of the 
Flemish Beauty trees were inoculated on June 24. By August 6 the other 
three Flemish Beauty trees had become infected, but there had been no 
spread to trees of the other varieties north of the shields. 
One additional attempt was made to ascertain experimentally the role 
of wind in transmission of fire blight in the field. A 25 X 110 ft. 
experimental area containing 682 trees was marked off at the north end 
Figure 4. New infections in pear trees in proximity to shielded and 
non-shielded trees inoculated with E. amylovora, 1964 
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of a nursery block of two year old pear trees. Twenty-six trees were 
selected for inoculation. They were chosen so that inoculated trees in 
adjacent rows were at least four ft. apart; inoculated trees in the same 
row were at least six ft. apart; at least two trees of each variety were 
inoculated. Each inoculated tree was encircled in a wire mesh cylinder, 
and half (13) were further enclosed by.wrapping clear plastic around the 
wire cylinder (Figures 7, 8, 9), A hot, dry period had stopped rapid 
growth of the trees. Only 11 incurred severe infections which continued 
to progress during the course of subsequent observations. All other trees 
within the experimental area which showed blight symptoms within five 
days of these inoculations were cut off at the soil line and removed from 
the area. Beginning July 7 all trees within the plot exhibiting fire 
blight symptoms were noted and recorded (Figure 10). Final observations 
were on August 11. 
Having previously determined in the greenhouse that E. amylovora 
could be spread by air movement a distance of three ft., a circle with 
three foot radius was measured around each of the eleven inoculated and 
infected trees. The number of trees subsequently infected taken as a 
percentage of the total number of trees within that circle was recorded. 
The results are presented in Table 1. Only one in 23 trees (4.3%) within 
three ft. of six inoculated shielded trees became infected. Fourteen 
of 27 trees (51.9%) within three ft. of inoculated exposed trees became 
diseased. In the remainder of the experimental area outside of the 
"infectious zones", 13.27» of the trees became diseased. 
Figure 7, Block of two year old pear trees with plastic wind barriers 
placed around individual trees 
Figure 8. Plastic cylinder placed around inoculated pear tree to serve 
as wind barrier 
Figure 9. Inoculated pear tree encircled by a wire mesh cylinder 
(empty space within the same row shows where trees were 
removed because of fire blight) 
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Figure 10. Newly infected pear trees in zones around shielded and non-shielded trees inoculated 
with E. amylovora, 1965 
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14 m.p.h. air stream was placed one ft. from the infected tree. On the 
opposite side of the infected tree and three ft. from it were placed 
three blight-free trees of the Bartlett variety. These target trees 
were thus grouped four ft, from the fan and in a line from the fan through 
the infected tree. Their relative positions are shown in Figure 11. The 
air stream was directed so that the falling drops of water were blown 
from the infected tree to the three uninfected trees. This situation 
was maintained for a period of one hour. The three target trees were 
then covered with plastic bags for a 24 hour incubation period. Seven 
days later one shoot on one of the three target trees showed blight 
symptoms. 
Five subsequent repetitions of this procedure involving a fine 
mist instead of heavy "rain", with air movements at 14, and 20 m.p.h., 
resulted in successful transferrance of the pathogen over horizontal 
distances of one to three ft., the maximum distance attempted (Table 2). 
Figure 12 depicts the type of infection developed in a young leaf five 
days after transfer of waterborne bacteria by wind. 
Checks were provided by placing blight-free trees in a nonaligned 
position with the fan and the infected tree or by conducting the experi­
ment without using an infected tree. No infections were found on any of 
the nine trees deployed in this manner. 
Two attempts were made to transfer blight horizontally by air move­
ment alone without the simulated rain. Both failed. Two other attempts 
failed in which "rain" was directed only upon the target trees (six in 
number) and the infected trees kept dry. Also a failure was another 
trial with four target trees which had ceased growth and tissues of all 
Figure 11, Relative positions of fan, infected pear tree, and three 
noninfected target pear trees prior to simulated rainstorm 
Figure 12, Fire blight on young Bartlett pear leaf five days after 
exposure to simulated wind and rain blowing towards it 
from an inoculated tree 
TSSiiâi 
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Table 2. Number of 
simulated 
horizontal transmissions 
wind and rain of varying 
of fire blight 
intensities 
during 
Wind velocity 
in m.p.h. 
Distance in ft. 
between infected 
and target trees 
Number of 
Exposed 
target trees 
Infected 
20 1 2 2 
20 3 2 1 
14 (reciprocating) 2 3 1 
14 2 1/2 2 1 
14 3 3 1 
14 3 3 1 
were matured, not young and succulent. 
Wind and wind-driven water as factors in infection 
Interest in the effect of wind-driven rain and consequent flooding 
of internal leaf tissues, possibly coupled with injury, such as Clayton 
(11) and Johnson (20, 21) demonstrated in wildfire and blackfire diseases 
of tobacco led to the following experiments. Two Bartlett pear trees were 
subjected to a 14 m.p.h. air stream from a reciprocating fan for 5 1/2 
hours. These trees were placed so their leaves intermingled as they 
might in the nursery row. Five leaves of each tree were water-soaked by 
spray from a pressure gun following the wind treatment. These leaves and 
five others not water-soaked were then dipped in nutrient broth to which 
E. amylovora had been added 24 hours previously. A single tree not in 
contact with another was given the same treatment. Still another tree 
which had not been subjected to the wind was given a similar treatment. 
36 
All four trees were incubated under plastic bags for 24 hours. The 
results which are presented in Table 3, Trial 1, indicated that wind 
injury was more conducive than water-soaking to development of disease. 
Three repetitions of this procedure with the variant being time length 
of wind treatment yielded similar, though less convincing, results. The 
following year two more repetitions of this experiment produced results 
of which Table 3, Trial 2, is representative. In this case neither wind 
injury nor water-soaking appeared important. 
Dispersal of dye in water blown from wet foliage to a paper target 
To learn more about dispersai of water from pear foliage and twigs, 
air was fan-blown through a pear tree sprayed with dye and the dispersed 
dye caught on a paper target. The fan was placed 12 in. from the sprayed 
tree which, in turn, was 40 in. from the paper target (36 X 42 in.). In 
several trials the fan was operated for five minutes at 7 and 14 m.p.h., 
both stationary and reciprocating. The dye was moved in droplets which 
when deposited on the paper target produced spots 1/64 to 1/4 in. in 
diameter. With the fan set for 7 m.p.h. (10 ft./sec.) and reciprocating 
action the moving air dispersed and deposited only 0.02 spots/sq, in. on 
the paper target; at 14 m.p.h. (20 ft./sec.), reciprocating, the deposi­
tions were 0.51 spots/sq. in.; at that same speed setting but stationary, 
0.61 spots/sq. in. were deposited. In both of the 14 m.p.h. trials 
droplets were dispersed and delivered at a height of at least 42 in. , 
two in. higher than the source tree. 
Representative paper targets were photographed (Figures 13, 14, 15). 
To facilitate photography individual deposited droplets were covered 
with 1/4 in. solid circles on the original paper targets. 
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Table 3. Infections on Bartlett pear leaves, wind-blown, water-soaked, 
or both, and then dipped in Erwinia amylovora suspension 
Treatment Number of 
leaves infected leaf Spots 
Two trees wind-blown and 
with foliage intermingled 
Trial 1 
„ , water-soaked 
Tree A , , 
not soaked 
4" 
4 
12 
13 
„ „ water-soaked 
Tree B . , 
not soaked 
2 
3 
3 
3 
One tree wind-blown 
water-soaked 
not soaked 
5 
3 
50 
12 
One tree not windblown 
water-soaked 
not soaked 
1 
0 
Trial 2 
5 
0 
Two trees wind-blown and 
with foliage intermingled 
„ . water-soaked 
Tree A ^ , , 
not soaked 
4 
4 
20 
5 
_ „ water-soaked 
Tree B . , 
not soaked 
5 
5 
20 
22 
One tree not wind-blown 
water-soaked 
not soaked 
5 
3 
14 
8 
^Five leaves dipped in E. amylovora suspension in each case. 
Figure 13. Pattern of water drops blown a distance of 40 in. from a 
pear tree 40 in. tall to a 42 X 36 in. paper target by a 
reciprocating fan producing a 14 m.p.h. wind (the area 
enclosed by a black square represents approximate position 
and extent of foliage on tree from which the water was 
dispersed, the bottom of the paper target was the soil 
line) 

Figure 14. Pattern of water drops blown a distance of 40 in. from a 
pear tree 40 in. tall to a 42 X 36 in. paper target by a 
fan producing a 14 m.p.h. wind (the area enclosed by a 
black square represents approximate position and extent 
of foliage on tree from which the water was dispersed, 
the bottom of the paper target was the soil line) 
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Figure 15. Pattern of water drops blown a distance of 40 in. from a 
pear tree 40 in. tall to a 42 X 36 in. paper target by a 
reciprocating fan producing a seven m.p.h. wind (the area 
enclosed by a black square represents approximate position 
and extent of foliage on tree from which the water was 
dispersed, the bottom of the paper target was the soil 
line) 
4 3  
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The results indicate that air movement at 7 and 14 ra.p.h. is capable 
of moving water in droplets at least 40 in. (the distance between rows 
of nursery trees). Wind gusts of 7 to 14 m.p.h. are common during the 
growing season in southwest Iowa (Table 4). 
Table 4. Average wind velocity and direction on days at one week 
intervals, Shenandoah, Iowa, 1954 
Date Average velocity in m.p.h. Direction 
June 16 9.7 SE 
June 23 11.9 W 
June 30 4.1 SE 
July 7 4.5 ENE 
July 15 12.0 SSE 
July 22 4.7 SE 
July 29 6.1 ENE 
August 6 3.0 ESE 
Possible Role of Wind Injury as a Predisposing 
Factor in Spread of Fire Blight 
It has been determined that wind is a factor in the dissemination of 
E. amvlovora and that wind in conjunction with water provides a means for 
that dissemination. Whether wind injury is necessary prior to this 
phenomenon was investigated. 
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Injury to leaves 
Wind may injure leaves mechanically by moving them with force 
against other plant parts, by blowing dust which causes surface abrasions, 
and by rupturing tissues through the severe distortion brought about by 
the combination of strong wind gusts and plant resilience. One method 
for determining whether or not such injuries facilitate infection by the 
fire blight bacterium was to apply a nutrient broth containing E. amylovora 
to mechanically damaged areas of 53 leaves and record the subsequent 
establishment and spread of infection (Table 5). Twelve of 12 young 
leaves in which the lamina was torn to the midvein and then painted with 
broth inoculum became infected, and the infection spread to the petioles. 
Twenty of 37 leaves in which the midvein had been punctured prior to the 
application of broth inoculum developed symptoms, but on only 12 was 
there continuation and spread to the petioles. Four old leaves with 
punctures in the lamina developed dark spots around the punctures follow­
ing coating with broth inoculum, but no further spread of infection was 
observed. Three of five undamaged young leaves to which bacteria-laden 
broth had been applied developed symptoms and this infection progressed 
rapidly to the petioles. 
Injury to petioles and stems 
Wind may mechanically injure petioles and stems in much the same 
manner as leaves. Broth inoculum was applied to eight petioles which had 
been squeezed or lightly scraped. No infections resulted. But infections 
did occur on 28 of 38 petioles punctured with a dissecting needle and 
then coated with inoculum. Six undamaged petioles similarly coated 
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Table 5. Number of leaves treated, infected, and subsequent spread of 
infection by application of inoculum to injuries 
Treatment Number of 
treated 
leaves 
infected 
Spread of 
infection 
Lamina torn 
to midvein 
12 12 12 
Punctured midvein 37 20 12 
Punctured lamina 4 4 0 
No wounds 5 3 3 
developed no symptoms. 
Of seven stems squeezed or scraped before being painted with broth 
inoculum none incurred infection, while 15 of 25 subjected to dissecting 
needle punctures did develop blight symptoms. Six undamaged stems 
similarly painted with inoculum did not become infected. 
Wind injury in relation to leaf maturity 
Consideration of tissue maturity, particularly of leaves, had not 
been given in the planning of any previous experiments. Miller (26), 
Tullis (45), and Rosen (31) found young (immature) leaves particularly 
vulnerable to infection. In the next series of tests Bartlett trees were 
carefully selected so that their leaves could be classed as mature (hard) 
or immature (soft). These trees were subjected to a 14 m.p.h. air stream 
for lengths of time varying from one to 4 1/2 hours. These trees were 
examined daily for subsequent infections. Old leaves frequently developed 
black spots indicating infection, but rarely did such infection proceed 
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to midvein and petiole. Treated young leaves often developed symptoms 
which expanded until the midvein was reached, soon after which the petiole 
and stem became blighted. Trees were not counted as infected unless 
shoots, not just leaves, produced symptoms. Results, in Table 6, show 
that in four trials out of five immature leaf tissue subjected to fire 
blight inoculum became infected and this infection proceeded via the 
petiole to the stem without the benefit of wind or other injury. 
Table 6. Mature or immature shoots of Bartlett pear trees infected by 
Erwinia amylovora, with or without wind injury, when exposed 
surfaces were covered with broth inoculum 
Duration of 
14 m.p.h. air 
movement, hrs. 
Wind-
Mature 
-b lown 
Immature 
Not 
Mature 
wind-blown 
Immature 
4 1/2 
a 
+ + - -
2 1/2 - + - + 
1 1/2 - + - + 
1 - + + + 
1 + + - + 
1 - -
^Infection (+) or no infection (-) in single trees. 
Substantiation for the ease with which immature tissue can become 
infected came from a slightly different test. One or two expanding shoots 
of Bartlett pear trees were covered with plastic bags and the trees then 
subjected to 14 m.p.h. wind gusts produced by a reciprocating fan for at 
least 1/2 hour. Following this wind treatment, protecting bags were 
removed and the trees sprayed with broth inoculum from a DeVilbiss 
sprayer. Following incubation of 24 hours under plastic, infections were 
noted in both protected and unprotected immature leaves at the shoot 
tips. Five shoots of seven which had been protected from the wind sub­
sequently developed symptoms of fire blight infection. Of eight unpro­
tected shoots six developed fire blight symptoms. 
Possible Role of External Strands in Spread 
of Erwinia Amylovora 
As a possible component of wind dispersal of E. amylovora, the 
bacterial strands which sometimes develop on the surface of infected 
blossoms, leaves, and twigs were carefully observed and studied. 
The presence of bacterial strands on pedicels, fruits, and shoots 
of pear blighted by E. amylovora was reported in 1937 by Ivanoff and 
Keitt (19). They described these strands as composed of cells of the 
fire blight pathogen bound together by a cementing substance, in entirety 
more or less curved, glistening, and usually colorless. Water solubility 
was the major feature distinguishing such strands from down of cotton-
wood seeds, spider webs, and trichomes. They observed these strands both 
indoors and outdoors on inoculated blossom clusters. 
Similar strands were observed here on infected petioles, midveins, 
and stems of pear. Their infectivity was determined by placing portions 
of strands in leaf axils, unfolding buds, or by imbedding them in petioles 
and observing subsequent infection. Infectivity was also determined by 
placing strands in sterile nutrient broth and after 48 hours injecting 
the turbid broth into pear petioles or shoot tips by means of hypodermic 
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needles. Eight of ten such inoculations produced infections. 
Although considerable coiling made accurate measurement difficult, 
length of the more obvious yet measurable strands ranged from 2,55 to 
10.86 mm. Average diameter varied from 0.017 to 0.034 mm. For compari­
son pear trichomes measured in length from 0.728 to 3.75 mm. and in 
diameter from 0,012 to 0.015 mm. Photographs are presented to augment 
description (Figures 16, 17, 18, 19, 20, 21), 
Several strands were kept in a glass vial at 5°C. for one year, then 
incubated in nutrient broth for 48 hours at room temperature, and the 
resulting turbid broth injected into 28 young pear petioles. Twenty-
five became infected. Infection was as ra, td and progressive .,3 any 
derived from fresh bacterial sources. 
Hand sections of infected petioles with strands on them dropped in 
glycerin were scrutinized in an effort to determine the opening through 
which these bacterial strands might exude. Serial sections of such 
material processed in the conventional manner did not retain the external 
strands. While strands always developed above a region of invaded cells, 
no particular natural opening for their emergence through the epidermis 
could be found. 
Portions of strands apparently are readily airborne, A 14 m,p,h, 
wind of five minutes duration dislodged at least some of them from in­
fected petioles and midveins in the greenhouse. 
Following the observations of strands on infected pear petioles, 
midveins, and stems in the greenhouse, they were searched for outdoors. 
Hundreds of infected trees were examined carefully during two full grow­
ing seasons. Strands were found only once following an extremely dry 
Figure 16. Aerial bacterial strand on a Bartlett pear petiole infected 
by E. amylovora 
Figure 17. Aerial bacterial strands on a Bartlett pear petiole infected 
by E. amylovora 
Figure 18. Aerial bacterial strands on a Bartlett pear petiole infected 
by E. amylovora 

Figure 19. Aerial bacterial strands on Bartlett pear petioles infected 
by E, amylovora 
Figure 20, Aerial bacterial strands on Bartlett pear petioles infected 
by E. amylovora 
Figure 21. Aerial bacterial strands on a Bartlett pear stem infected 
by E. amylovora (these strands found outdoors were shorter 
and thicker than those observed in the greenhouse) 
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two day period on two inoculated Bartlett pear trees. However, young 
pear shoots just beginning to show symptoms from natural infection were 
cut and placed in water in the laboratory. Four days later strands had 
formed on many of the petioles. Twenty of 37 such shoots tested produced 
strands, 
Because of their similarity in appearance to trichomes, strands are 
difficult to identify in the early stage of development. How soon after 
infection might bacteria from these strands appear on the plant surface? 
To determine this a series of petioles were inoculated at the axil by 
means of a small puncture and a single drop of bacteria-laden broth. At 
24 hour intervals beginning 48 hours after inoculation one petiole from 
each of three shoots was cut 1/4 in, above the inoculation point and 
dipped in nutrient broth under aseptic conditions. The exposed cut end 
was not touched by the broth. This nutrient broth was incubated for 48 
hours at room temperature and then inoculated into three other pear 
petioles. Uninoculated petioles from other shoots were used as checks. 
This procedure was repeated three times with slight modifications aimed 
at insuring dry, inoculum-free petiole surfaces. In all cases virulent 
bacteria were recovered from the surface of infected petioles and 
midveins within 48 hours of inoculation, 24 to 72 hours before the usual 
symptoms were visible (Table 7). Bacteria were not recovered from 
uninoculated petioles taken from other shoots. 
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Table 7. Number of recoveries of E. amylovora from the surface of 
symptomless pear leaves and inoculated petioles 
Hours after Number of three inoculated petioles yielding 
inoculation E. amylovora 
Shoot A Shoot B Shoot C 
48 2 3 2 
72 2 2 3 
96 2 2 2 
120 3 3 2 
The Possible Role of Airborne Insects in 
Spread of Fire Blight 
As a component of spread of the fire blight bacterium in the direction 
of the prevailing southerly winds, the possibility that windblown con­
taminated insects might be responsible was not overlooked. 
Most of the literature concerning insects and spread of the fire 
blight pathogen deals with orchard trees where blossom infection is 
prevalent. Less is known about nursery trees where no blossoms, or very 
few, occur. Stewart (38, 39) and Stewart and Leonard (40, 41) along with 
Lathrop (24) and Jones (23) studied twig blight and implicated several 
aphid species, tarnished plant bugs, bark beetles, and leaf hoppers as 
transfer agents of the fire blight pathogen. Most of those listed are 
sucking insects. Assuming that insects do carry the pathogen, then 
spread of the pathogen in the direction of the prevailing wind might 
conceivably be attributable to the wind blowing such insects across the 
field from infected to uninfected trees. 
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The number of insects observed in nursery pear blocks during four 
growing seasons in southwest Iowa was very small. Diligent searching 
disclosed few sucking insects. Nevertheless a spray program was 
initiated using Malathion, an insecticide, and Cygon, a systemic insec­
ticide, to determine whether insect control might reduce the incidence of 
fire blight. These materials were applied once each week. During the 
two months of this spraying program a few aphids (sucking insects) and 
many grasshoppers were observed on trees in the nonsprayed section and 
that sprayed with Malathion, Only grasshoppers were found in the Cygon-
sprayed section. The percentage of trees which became infected with fire 
blight did not vary appreciably between sprayed and nonsprayed sections 
(Table 8), 
While such negative results do not eliminate insects as possible 
disseminators of E, amylovora, they do suggest that other factors may be 
equally or more important. 
Table 8, Number and percentage of Bartlett pear trees which became 
infected with fire blight though sprayed at one week intervals 
with insecticides 
Insecticide Trees sprayed Diseased trees 
Number Percentage 
Malathion 168 13 7,7 
1 gal/100 
Cygon 136 9 6,6 
1 qt/100 
Checks 152 11 7,2 
not sprayed 
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DISCUSSION 
The severity of fire blight epiphytotics in southwest Iowa nurseries 
is in direct proportion to degree of exposure of trees to southerly winds. 
This relationship has been recorded for seven of the last twelve growing 
seasons, four here, three by Boyd (7), In 1962 one block of trees 
completely exposed to southerly winds was entirely destroyed by this 
disease. In two others more than 90% of the trees were killed by or 
removed because of fire blight. 
Perhaps more striking were situations ir which a hill, a building, 
a grove of trees, or a hedge provided protection from south wind to a 
segment of a pear block, in which segment the trees were not infected 
or were the last in the block to become infected. In 1963 the southwest 
end of a block of one year pear whips was lost to fire blight. Young 
windbreaks had been planted to the southeast and to the northwest of this 
field, whose rows ran southwest to northeast. Thus south and southwest 
winds were unobstructed at the southwest end where nearly all trees were 
destroyed. The following year in this same field destruction of trees 
by fire blight was almost complete except for a few rows adjacent to the 
windbreaks on either side of the field. Also in 1963, in an apple block 
on a terraced hillside facing southeast, there was an approximately 50% 
loss of trees. A block of one year pear whips planted north of an estab­
lished windbreak and further protected from wind by a hill to the west 
was nearly free of fire blight in 1964 and almost completely so the 
following year. Another field of one year pear whips planted with a young 
windbreak and a small hill to the south was relatively undamaged by fire 
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blight in 1965. But less than 1/4 mile away an unprotected apple block 
was approximately 30% destroyed by fire blight. 
One particularly striking case was a pear block next to a tall wind­
break of Lombardy poplars extending uninterruptedly and completely along 
the south, with rows of both pears and poplars running due east and west. 
In the center of this block tree losses with but one exception were 5.5% 
or less, but up to 59.2% at the exposed ends. Average velocities of 
south winds from 0.1 to 5.1 m.p.h. were recorded north of the center, up 
to 14.4 m.p.h. beyond the end. 
Southerly winds are common in southwest Iowa during the growing 
season, blowing from that direction 64.3% of days from April through 
August, 1947-1956, as recorded by Boyd (7) from U. S. Weather Bureau data 
(Omaha, Nebraska), and on 62% of days in 1964 and 1965 as recorded by 
this author in the field at Shenandoah, Iowa. 
The detailing of phenomena involved in this south wind effect 
constitutes the crux of the investigations reported here. Just how does 
the wind function? Three hypotheses were examined: (1) that wind as 
such effects spread of E. amylovora; (2) that injury by wind facilitates 
infection; (3) that wind carries contaminated insects. 
As experiments progressed, it seemed that the first, that wind as 
such functioned in dissemination, was most valid. For instance, in 1962 
newly diseased trees in a seedling pear block were recorded in successive 
weeks. The greatest number of new infections were at the north side of 
the field, even though the first diseased trees were in the south part of 
the block. Southerly winds had prevailed in fhe meantime. 
59 
Further evidence came from the fact that small wooden barriers in 
the nursery row immediately to the north of inoculated trees apparently 
were effective in limiting or preventing the spread of fire blight. 
Placement of these narrow wooden shields was such as to physically obstruct 
movement of the pathogen northward. Wind could still blow at and past 
the inoculated trees from any southerly and most northly directions. New 
infections occurred on trees south of shielded trees, but in only one 
instance was a tree infected north of a shield. That particular tree was 
closer to an inoculated tree in the next section to the north than it was 
to tha inoculated, shielded tree to the south in its own section. In 
half of the corresponding sections without shields, new infections occurred 
both north and south of inoculated trees. 
In the greenhouse simulated wind and rain were effective in moving 
E. amylovora from infected to noninfected pear trees three ft. away. 
The minimum velocity generated by fan which was successful in making 
this transfer of bacteria was 14 m.p.h. with the fan set for reciprocat­
ing action. The amount of moisture varied from what would be called a 
hard rain to a fine mist. Such moisture could be provided by rain, dew, 
heavy fog, or mist. An actual rainstorm may not be necessary, though the 
obvious splashing and blowing accompanying rainstorms should facilitate 
spread of the fire blight pathogen. 
Of interest were the failures of attempted transfers with wind but 
without the addition of water to the infected plant surfaces. While at 
least one tree became infected in each of six trials involving both wind 
and moisture, none became infected in two trials without moisture nor in 
two trials wherein water was applied to the target trees only. Other 
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attempts which failed involved target trees which bore only mature (hard) 
leaves. In all cases where the pathogen was successfully transferred, 
the target trees possessed young, succulent leaves and shoot tips which" 
became the infected tissue. It is apparent that three elements are 
concerned in effective dissemination of E. amylovora: wind, moisture, 
and young, growing shoots. 
Faulwetter (12, 13) assessed the role of wind and rain in dissémina­
tion of angular leafspot of cotton. He demonstrated that water splashed 
to a height of three ft. into a 10 m.p.h. wind could move 18 ft. hori­
zontally. Faulwetter also showed that water drops falling 12 in. on a 
water film formed from preceding drops will scatter splash drops over an 
area with diameter of 20 to 32 in. Such drops could be formed by fog or 
dew and account for some dispersal of E. amylovora within the nursery row 
without assistance from wind. 
Dispersal of water from pear foliage and twigs to paper targets 
40 in. distant was demonstrated, which distance is representative of the 
spacing between rows in the nursery. The number and disposition of 
droplets caught on the paper targets constitutes evidence that adequate 
inoculum would be available for infection should those droplets contain 
E. amylovora. At 14 m.p.h. air speeds some droplets were caught on the 
targets at a greater height than their origin. 
The disclosure that wind in conjunction with rain could transfer 
the pathogen in the greenhouse seemed to fit the circumstances occurring 
outdoors. But the question of wind direction during or after rainstorms 
naturally arises, since exposure to south winds is circumstantially 
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associated with fire blight incidence. Boyd (7) analyzed U. S. Weather 
Bureau records (Omaha, Nebraska) for a ten year period, 1947-1956, to 
ascertain these facts. He found that on 64% of the days in which at 
least 0.1 in. of rain fell along with at least average wind velocity, 
2.99 m.p.h., those winds were southerly. On 50% of days following such 
conditions the winds were southerly. These data at least are not contrary 
to the hypothesis that south wind as such, with the addition of rain, 
effects spread of E. amylovora. 
Furthermore, E. amylovora has been successfully cultured from morning 
dew taken from four infected petioles on four separate pear trees. Such 
cultures were inoculated into pear fruits by means of sterile dissecting 
needles, with subsequent development of necrotic fire blight symptoms 
within six days. 
Stated previously in this discussion, wind, moisture, and young, 
growing shoots are three elements involved in effective dissemination of 
E. amylovora. In a nursery operation young, rapidly growing shoots are 
involved in the production of salable stock. Rain, dew, and fog are 
part of the midwestern environment and not subject to restriction. Wind 
is the only one of the three basic elements which can be altered. This 
can be done with suitable windbreaks. 
To test this idea experimentally by providing near uniform conditions 
to all test trees while protecting some from the wind, was the problem. 
Plastic cylinders were placed around individual inoculated trees. These 
provided a barrier to the wind from all directions and to the horizontal 
movement of the waterborne pathogen away from infected trees. At the 
same time they admitted light, insects, and moisture, but caused perhaps 
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somewhat higher temperatures. When inoculated trees were shielded with 
these plastic cylinders, new infections within three ft. of those trees 
were rare; in fact only one occurred. But 50% of the trees within three 
ft. of unshielded, inoculated trees developed new infections. If larger 
circles were drawn as infectious zones (for example ten ft. in diameter), 
the percentage of infected trees within those zones was little changed. 
However, several of the circles would overlap and information from them 
would be lost. It is worthy of note that the pattern of these new infec­
tions indicated a northward movement of the pathogen such as a southerly 
prevailing wind might produce. 
Summarily, it has been demonstrated that infectious bacteria may be 
in moisture on the surface of young infected pear foliage, that wind can 
blow such moisture a distance equivalent to that between adjacent nursery 
rows, and that the pathogen can actually be blown from one tree to another. 
This transfer of bacteria from tree to tree is not the spread of 
E. amylovora in meteoric water as reported by Miller (26), Tullis (45), 
and Hildebrand and Phillips (18). Their observations did not involve air 
movement sufficient to disperse the infecting bacteria horizontally. They 
noted the downward passage of bacteria in water falling or running from 
infected blossoms, cankers, or twigs to lower parts of the same tree or 
branches from neighboring trees which were interspersed with those of 
that tree. 
The involvement of wind-blown rain brought to mind water-soaking as 
a result of wind-blown rain and the work of Clayton (11) , and later 
Johnson (20, 21), concerning the establishment of wildfire and blackfire 
bacterial diseases of tobacco. They demonstrated that internal tissue 
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flooding was a factor in the establishment and spread of infection. 
Clayton observed that during severe rainstorms numerous water-soaked 
areas appeared on tobacco leaves. When those water-soaked areas were 
present, the invading bacteria progressed rapidly through the flooded 
leaf tissue and wilting occurred within 48 hours. Without water-soaking, 
infections were established with some difficulty and no rapid spread 
through leaf tissue occurred. He simulated the wind-driven rain by using 
water under pressure to soak the tobacco leaves. Johnson applied water 
pressure to the roots or cut ends of stems or detached leaves to produce 
tissue flooding. 
In some of the experiments reported, fan-blowing of the foliage for 
various lengths of time preceded water-soaking with a pressure gun. In 
several trials water-soaking made little difference in establishment of 
infection. Also attempted were detached leaf experiments. Pear leaves 
were surface sterilized after being water-soaked with a pressure gun. 
They were then dipped in nutrient broth inoculum and incubated in plastic 
containers at 20°C. Results were inconclusive. 
Role of Wind Injury 
The second hypothesis tested was that injury by wind facilitates 
infection. Preliminary tests seemed to support this hypothesis. Leaves 
are the organs most vulnerable to injury by wind or wind-blown items such 
as dust. Heald (16) first demonstrated that infections could start in 
the leaves and might then move into the stems. Until then it was thought 
that the infection progressed into the leaves from the stems exclusively. 
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Many types of leaf injury were examined and simulated in the field and 
greenhouse to determine the extent of injury necessary not just for local 
leaf infection but subsequent invasion of the shoot by bacteria. The 
results show that an injury on a mature leaf which encompasses the mid-
vein will more surely produce a shoot infection (providing inoculum is 
present) than will a small puncture in the leaf lamina. Small local 
infections can occur without any injury. 
In general the same held when pear foliage was subjected to injury 
by wind. But infections in young, immature leaves progressed to become 
shoot infections with or without wind injury. 
Injury to pear foliage by wind alone or in conjunction with dust or 
hail may be an aid in the establishment of infection during increase of 
the disease in the field but is not a requirement. Leaf maturity is more 
important than leaf injury as a predisposing factor in spread of this 
disease. 
Role of Windblown Insects 
The third hypothesis tested was that wind carries contaminated 
insects from infected to noninfected trees. That insects can and do 
spread E. amylovora has been known since soon after the fire blight 
bacterium was first identified. Many experimenters have incriminated a 
host of insects. The major part of such work has been concerned with 
orchards where blossoms are major sites for primary infection. However, 
it has been established that twig or shoot blight as it occurs in the 
nursery may also result from insects carrying E. amylovora. The question 
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posed is not whether it may happen but, rather, whether it does happen to 
any appreciable extent. 
The lack of insect numbers at the time of most frequent and abundant 
blight infections, spring and early summer, and their greater number in 
midsummer when new infections are limited has been noted by Stevens et al. 
(37), Tullis (45), and Miller (26), These same observations have been 
made in southwest Iowa. Attempts to eliminate insects through the applica­
tion of insecticides did not reduce the incidence of fire blight. Use of 
plastic shields to limit air movement through inoculated trees, while 
still allowing insect activity, greatly limited dispersal of the fire 
blight pathogen. Insects had access to the shielded trees from both ends 
of the plastic cylinders. Damage from insects was found on some shielded 
trees indicating that at least occasional insects were present. Admitted­
ly, the mere encircling of the trees with plastic might limit the chance 
for insect visitation. Flat boards used as barriers could hardly be 
classed as such a deterrent. Those were also effective in limiting spread 
of E. amylovora. 
Insects are not so important as wind in the dissemination of E. 
amylovora through blocks of nursery trees in Iowa. As Brooks (8) 
summed it up 40 years ago, insect injury may aid in establishing infec­
tions, but it is not necessary. 
Role of Bacterial Strands 
Of particular interest was the occurrence of aerial bacterial strands 
on the surface of infected tissue. Such strands of E. amylovora had been 
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reported by Ivanoff and Keitt (19) in Wisconsin. In Iowa they have been 
observed on pear petioles, midveins, and stems. Though they have been 
seen only rarely outdoors, they have developed abundantly on infected 
shoots taken from trees in the nursery row and then kept alive indoors 
with the cut ends in water. When submerged in water these strands imme­
diately dissolved into clouds of bacteria. A strand put in broth and 
incubated served as a source of virulent inoculum. Single strands or 
portions of them imbedded in petioles or placed in young leaf axils or 
unfolding buds produced infections. Physical descriptions of the strands 
given by Ivanoff and Keitt match those found here. They are composed of 
the fire blight pathogen imbedded in a cementing substance, the exact 
nature or origin of which is not known. Appearance of such strands is 
usually before that of the exudate associated with necrotic tissues. 
Portions of aerial strands are readily airborne. Several were actually 
seen to be blown away by a sudden draft of air. Their coiling makes them 
readily detectable to the experienced eye without aid of a hand lens. 
Infected shoots from which freshly formed strands had been removed 
did not produce additional strands when covered with plastic bags or 
placed in a moist chamber. Conversely, infected shoots without visible 
strands produced such strands when placed in a dry environment. Apparent­
ly high humidity prevented the formation of aerial bacterial strands. 
These strands have been observed only on young, rapidly growing, 
succulent shoots in which bacterial growth is reportedly very rapid. 
No attempts were made to record speed of growth of these strands, 
but Ivanoff and Keitt reported several millimeters growth in a few hours. 
It is considered likely that under the weather conditions prevalent in 
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southwest Iowa, bacterial strands did not grow long enough to be dis­
tinguished from trichomes before being dissolved in dew. Infective fire 
blight bacteria were taken from symptomless leaf surfaces within 48 hours 
after inoculation, the shortest time interval tested. Occasionally 
E. amylovora was recovered from the surface of leaves taken from shoots 
on which other leaves had been inoculated. Explanation for this phenomenon 
was suggested by observations of Lewis and Goodman (25) who found that 
this bacterium moves much faster in host tissues than was formerly supposed. 
They recorded movement of bacteria in actively growing shoots of 15.25 
cm. in six hours 42 minutes as opposed to 1.75 to 30 mm. per day cited by 
them as having been previously reported. They also found the pathogen in 
tissues which did not exhibit symptoms. 
The paucity of recorded observations of these aerial strands in the 
literature is probably because of their similarity in appearance to tri­
chomes or spider strands. In addition, the chemicals used in the usual 
killing and fixing or staining procedures immediately dissolve the strands. 
Bacterial strands within E. amylovora infected tissues have been 
reported by Nixon (27), Rosen (33), and others. They also reported the 
rapid progression of these strands in all directions within the tissue 
including the direction of the epidermis. There is disagreement on whether 
these are organized pseudopod-like strands or merely the compression of 
bacteria in the intercellular spaces. This writer supports the latter 
view. Hildebrand (17) reported the strands to be a slime or ooze composed 
of encapsulated bacteria, and that the capsules are not produced by the 
bacteria but are a plant material. Strands have not been observed in pure 
cultures. 
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Similar bacterial strands are pictured by Smith (35, p. 343) exuding 
from lenticels on mulberry stems, where they are sometimes found when 
mulberry is infected by Pseudomonas mori. He labeled them cirri. They 
are analogous to the thicker bacterial strands found on pear stems. Smith 
tried unsuccessfully to infect mulberry with Erwinia amylovora. 
MacDaniels and Cowart^ reported the presence of stomates on petioles, 
midribs, and main veins of apple leaves. Stomates observed here on pear 
petioles were on the ventral side where most of the strands have occurred. 
Stomates are present on young pear stems. The diameter of bacterial 
strands is within the range of sizes known for stomatal openings. 
On the basis of these reports and observations one can conjecture that 
following initial infection of succulent tissue there is rapid increase 
in numbers of bacteria. The resultant increase in bacterial mass forces 
its extrusion through intercellular spaces radiating in many directions 
from the original infection point. By chance some of these bacteria 
reach a sub-stomatal cavity. The easiest exit under pressure of further 
increasing bacterial numbers is through the stomatal opening. In the 
absence of exterior moisture these bacteria would then be extruded out­
ward through the stomate in the form of a strand or cirrus. The compari­
son with paste extruded from a tube is apropos. Should water be on the 
exterior of the plant, the strand would dissolve as it was extruded from 
the stomate. 
The exudate more commonly observed on necrotic tissue would emerge 
later through riftë in the epidermis as the internal cells broke down 
^L. H. MacDaniels and F. F. Cowart. The development and structure 
of the apple leaf. New York (Cornell) Agricultural Experiment Station 
Memoir 258: 20. 1944. 
69 
and their contents were released. 
The fairly rapid extrusion of bacteria to the surface of infected 
shoots, whether or not in the form of strands, is considered to be a 
factor contributing to wind dissemination of this pathogen. 
70 
CONCLUSIONS 
This investigation reveals that dissemination of waterborne E. 
amylovora by wind is the major element in epiphytotic development of fire 
blight in Iowa nurseries. 
From records and observations it has been established that exposure 
to prevailing winds is related to the severity of fire blight epiphytotics 
in Iowa nurseries; in fact wind appears to be involved in the distribu­
tion of the fire blight pathogen. In conjunction with water, wind moved 
E. amylovora three ft. horizontally to infect healthy trees in the green­
house, It was demonstrated that water droplets could be transported at 
least 40 in, horizontally. With 14 ra.p.h. wind gusts some of those drop­
lets were higher than their point of origin; presumably they could be 
spread much farther than 40 in. Barriers of wood or plastic either 
limited or prevented dispersal of bacteria. Whether this was by physical 
obstruction of the waterborne bacteria or reduction of wind velocity to 
a point below that necessary for transport was not proved. 
The evidence for "waterborne bacteria" outdoors is largely circum­
stantial. Bacteria were found in dew on infected leaf surfaces. Water 
can be found on plant surfaces almost everyday during the growing season 
in Iowa. Wind can move plant surface water. In the greenhouse no 
transport of bacteria occurred without the addition of water to the plant 
surfaces. 
Wind-induced injuries occur and may provide additional portals of 
entry for infectious bacteria, but they are not necessary for invasion. 
Similarly, though insects may occasionally carry bacteria to noninfected 
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trees and cause infection, they do not appear to be the important element 
contributing to epiphytotics in the nursery. 
Suggestions for Growing Pear and Apple Trees in Iowa Nurseries 
To combat the effect of wind and limit the amount of disease in the 
fields, the following suggestions for growing pear and apple trees in 
Iowa nurseries are presented. 
1. Where possible plant pear and apple trees in fields with 
established windbreaks to the south. Lacking this, plant 
Lombardy poplar cuttings to the south and north of the field in 
the fall preceding seedling planting. 
2. Plant rows of seedlings in an east-west direction. 
3. Plant six or eight rows of seedlings, then skip two rows which 
remain empty the first summer. Repeat this pattern through the 
entire block. 
4. The fall following seedling planting place Lombardy poplar 
cuttings in the rows previously left empty. 
If these suggestions for planting are followed, then all the trees, 
pears, apples, and poplars, can be harvested at the same time. 
Further suggestions follow for the continuing care of the nursery 
trees to limit the amount of fire blight. 
5. Do not send men or machines into the fields when the foliage 
is wet from dew, fog, or rain. 
6. Fire blight "gangs'" should go through the blocks each week 
digging--not cutting--trees showing or suspected of showing 
fire blight symptoms. Where stands are heavy, one tree in the 
same row on either side of the suspect should also be dug. 
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7, Drag infected trees out of fields and collect and burn them 
each day. 
8. Spray for insect control. Also spray with Bordeaux often 
enough to keep trees coated. No other chemicals are presently 
available which control fire blight enough to warrant their 
expense. 
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SUMMARY 
Fire blight spread in the direction of prevailing southerly winds 
through a pear seedling field in 1962. During that same growing season 
three two year old pear blocks completely exposed to prevailing southerly 
winds were severely depleted by fire blight. In another block immediate­
ly to the north of a windbreak, 5.5% of trees in middle portions fully 
protected from southerly winds were killed by fire blight, as against 
59.2% in exposed end portions. 
Small wooden wind barriers placed in nursery rows of one or two year 
old pear trees limited drastically, or prevented, dissemination of the 
fire blight pathogen in the direction of prevailing southerly winds. 
Plastic barriers around inoculated two year old pear trees limited spread 
of fire blight to 4.3% of the trees within three ft. adjacent to inoculated 
trees. Without barriers 51.9% became infected. 
Simulated wind and rain moved fire blight bacteria a horizontal 
distance of one to three ft. from infected to previously noninfected 
pear trees. Dye in water drops on pear tree foliage was dispersed by 
fan-blown air to paper targets 40 in. distant. Air movement velocities 
were seven and 14 m.p.h. At the latter speed droplets were deposited on 
paper targets at a greater height than their origin. 
Both injured and uninjured leaves became infected when bacteria-
laden broth was applied to their surfaces. Petioles and stems became 
infected if punctured prior to application of broth inoculum. Immature 
leaf tissue was more extensively invaded by E. amylovora than was mature 
tissue though both became infected. In immature leaves the pathogen more 
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often increased and progressed into midvein and petiole than in mature 
leaves. Immature leaves protected from injury by simulated wind of 
14 m.p.h. were as vulnerable to E. amylovora as were immature leaves 
exposed to simulated wind. 
Aerial strands of E. amylovora were observed on infected pear stems, 
petioles, and midveins. Somewhat similar to trichomes in appearance 
these strands were longer and coiled. They were soluble in water and 
were infective while fresh or after storage for one year at 5°C. They 
may be involved in the presence of E. amylovora on pear petiole and 
midvein surfaces within 48 hours after infection, before overt symptoms 
are visible. 
Chemical control of insects during one growing season did not limit 
fire blight incidence. 
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